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36  GHz  USING  A POINT  CONTACT  JOSEPHSON  JUNCTION' 


Y.  Taur  and  P.  L.  Richards 
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Berkeley,  California  94720 


ABSTRACT 


We  have  observed  doubly  degenerate  parametric  amplifi 


cation  and  oscillation  at  36  GHz  from  a single  point  contact 


Josephson  junction.  The  experimental  results  agree  quallta 


tively  with  theoretical  calculations  based  on  the  resistlvely 


shunted  junction  model.  The  estimated  noise  temperature  of 


an  amplifier  with  11  dB  net  gain  is  consistent  with  zero 


but  has  an  upper  limit  of  50  K.  Attempts  to  observe  parametric 


amplification  in  the  singly  degenerate  mode  with  a pump  fre 


quency  of  72  GHz  were  not  successful 


r 
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I . INTRODUCTION 

Because  of  their  nonlinear  electrical  properties  at  microwave 

frequencies,  Josephson  junctions  are  being  investigated  for  operation 

1-3  4 5 

in  such  devices  as  video  detectors,  heterodyne  mixers,  ’ and  para- 
metric amplifiers. In  some  of  these  applications  the  junction 
is  dc  biased  at  finite  voltage  so  that  Josephson  oscillations  take  place. 

In  this  way  a Josephson  junction  can,  for  example,  be  operated  as 

6 8 9 

a self-pumped  parametric  amplifier.  ’ * Alternatively,  a Josephson 
junction  can  be  operated  with  zero  dc  voltage  bias  so  that  it  behaves 

as  a nonlinear  inductor  for  currents  less  than  the  critical  current  I . 

c 

Early  theoretical  calculations  * * suggested  that  Junctions  biased  in 

this  way  could  be  operated  as  a three  photon  parametric  device  with  an 

external  pump  at  the  sum  of  the  signal  and  idler  frequencies 

to  =oi  +U),  or  as  a four  photon  device  with  2 u)  » (*>  +io. . 
p s i r p s i 

The  singly  degenerate  mode  of  three  photon  operation  (o)^  2wg=  2(0^ ) 

was  first  explored  for  the  case  of  a parametric  excitation  of  the  plasma 

oscillation  in  a Josephson  tunnel  junction  which  was  pumped  by  an  rf  current 

source  at  twice  the  plasma  frequency  and  dc  biased  with  0<I<Ic>  This 

effect  was  discovered  with  an  analog  junction  simulator, ^ the  threshold 

has  been  calculated  analytically  in  the  small  signal  limit, ^ and 

12 

indirectly  verified  with  thin  film  tunnel  junctions. 

A series  array  of  Dayem  bridges  with  no  dc  bias  has  been  operated 

in  the  doubly  degenerate  four  photon  mode  (u)  = w = w . ) as  a parametric  ampli- 

p s l 

fler  at  9 and  33  GHz. ^ This  is  an  attractive  device  with  significant  gain. 


wide  bandwidth 


In  order  to  observe  parametric  effects  it  is  necessary  to  minimize 


parasitic  power  loss  due  to  currents  which  flow  at  the  harmonics  and 


combinations  of  in  , iii  and  u . In  the  case  of  the  singly  degenerate  de 


vice  which  uses  a current  biased  thin  film  tunnel  junction,  these 


currents  remain  inside  the  junction  and,  especially  at  high  frequencies 


the  shunt  capacitance  shorts  out  the  lossy  quasiparticle  conductance.  In 


the  doubly  degenerate  device  parasitic  currents  at  frequencies  llw+maj 


vanish  by  symmetry  when  -f  m is  an  even  interger.  Because  the  impedance 


of  the  series  array  of  junctions  used  for  these  experiments  was  relatively 


high,  it  was  possible  to  use  transmission  line  techniques  to  short  out 


currents  for  Jt  + ra  = 3,  so  that  the  lowest  parasitic  frequencies  at  which 


loss  occurred  were  in  the  neighborhood  of  5u) 


In  this  paper  we  report  a study  of  parametric  amplification  by  a 


single  point  contact  Josephson  junction  with  zero  dc  bias  voltage.  The 


junction  was  mounted  in  a Ka-band  waveguide  cavity  as  is  shown  in  Fig.  1 


The  signal  and  idler  frequencies  u)  and  u)  lay  within  the  bandwidth 


of  the  cavity  resonance  at  36  GHz.  Pump  power  was  applied  from  external 


sources  at  oj  / 2tt~ 7 2 GHz  (the  singly  degenerate  3 photon  mode)  and  at 


36  GHz  (the  doubly  degenerate  4 photon  mode) 


Niobium  point  contact  junctions  were  used  whose  dc  I-V  charac 


teristics,  rf  properties  and  noise  have  been  found  to  be  in  good 


agreement  with  the  resistively  shunted  junction  model  for  the  frequencies 


employed 


The  equivalent  circuit  of  such  a junction  in  the 


resonant  cavity  Is  shown  in  Fig.  2.  The  circuit  elements  representing 
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junction  is  biased  with  a constant  current  which  is  a significant  fraction 


of  the  critical  current.  It  should  therefore  be  more  sensitive  to  the 
noise  which  causes  the  rounding  of  the  I-V  curve  which  was  present  in 


the  experiments,  but  not  in  the  analytical  calculations. 

Attempts  were  made  to  explore  these  ideas  using  the  analog  junction 

simulators  which  proved  so  useful  in  understanding  our  experiments  with 

5 

point  contact  heterodyne  mixers.  These  attempts  were  discontinued  when 
it  was  discovered  that  the  results  obtained  at  zero  dc  voltage  were 
sensitive  to  deviations  from  ideal  behavior  in  both  of  our  simulators. ^ 
The  remainder  of  this  paper  contains  a detailed  description  of  the 
results  of  our  four  photon  doubly  degnerate  point  contact  amplifier 
experiments. 


F 


II.  NUMERICAL  CALCULATIONS 

We  make  the  assumption  that  the  junction  is  looking  into  a very 

high  microwave  impedance  except  (for  the  four  photon  case  ) at  u , u , 

p s 

and  = 2 w - u>  . The  current  equation  describing  the  junction 
p s 

response  can  then  be  written  as 

2iR  + 1C  sin<t>  * I cos  <*>pf  + Ig  cos  (ust+0g)  + IJ  cos  (c^t+e^,  (1) 


where  <(>  is  the  superconducting  phase  difference  across  the  junction  and 
h d<ft 

2^  ^ is  the  junction  voltage  according  to  the  Josephson  relations. 

Since  we  are  primarily  Interested  in  the  limit  in  which  the  signal 

and  idler  currents  are  small,  I , I <L  , I , Eq.  (1)  can  be  separated 

S x,  P C 

into  a nonlinear  pump  equation  and  a small  signal  linear  equation  by 
letting  ({)  * where 


h d<* 

-r—r-  -r—  + I sin<J>  ■ I cos  cj  t 
2eR  dt  cop  p 


h d+l 

2iR  IT  + Vl  COS  *o  “ Xs  c°8<“8t+e8)  + l1cos(u)it+0i). 


Equation  (2)  is  similar  to  that  considered  in  Ref. 10  for  tunnel  junctions 
except  for  the  absence  of  the  capacitance  term.  That  theory  (and  its  ex- 
tension to  the  four  photon  case)  is  valid  only  if  I < I . In  order  to 

P c 

obtain  parametric  gain  in  practice,  one  usually  has  to  pump  hard  enough 
that  I Ic<  We  therefore  used  a digital  computer  to  solve  Eqs.  (2) 
and  (3)  for  the  required  cases. 


WHWjjm.h 


Due  to  the  symmetry  of  the  unbiased  junction  (t)  contains  only 


the  mixing  products  between  the  signal  and  the  even  harmonics  of  the  pump 


2u)  ±oj  , 4to  ± 0)  , etc.  Since  4> , is  linear  in  both  I and 


I , we  can  evaluate  the  Fourier  components  of 


signated  as  V and  V ) and  represent  the  junction  by  a complex  2x2  im- 


have  a positive  real  part  from  direct  loss  in  the  junction 


resistance  R and  an  imaginary  part  from  the  linear  component  of  the 


which  are  responsible 


Josephson  Inductance.  The  cross  terms  Z 


for  the  parametric  negative  resistance,  arise  from  coupling  between  the 


signal  and  idler  via  the  pump.  There  exists  a common  phase  factor  in  both 


Suppose  the  external  termination  at  the  idler  frequency  is  Z so  that 


It  is  easy  to  show  that  the  junction  input  impedance 


at  the  signal  frequency  is  given  by 


For  the  degenerate  case  where  10  **w  * to . , Z 


will  be  most  negative  if  Z 


Then  the  real  part  of  Z 


justed  such  that  it  cancels  the  imaginary  part  of  Z 


(6) 


Z.  + Z..  • Re  Z..  * Re  Z . Therefore, 
i ii  11  ss 


"si 


Re  Z.  = Re  Z _ , 

in  ss  Re  Z 


ss 


which  is  negative  if  and  only  if  Re  Z - | Z | <0.  This  result  can 

88  8 1 

easily  be  modified  to  include  the  effect  of  other  losses  in  the  cavity 
represented  by  R^in  series  with  the  junction.  The  criterion  for  para- 
metric amplification  or  oscillation  is  then 


RL  + Re  Z 


(7) 


In  order  to  obtain  net  gain  from  the  junction,  the  negative  resistance 

arising  from  parametric  interaction  must  exceed  both  the  direct  loss  in 

the  junction  and  the  external  losses  in  the  microwave  cavity. 

Although  the  actual  negative  resistance  seen  by  the  signal  source 

depends  on  the  details  of  the  microwave  arrangement,  the  quantity 

Re  Zgs  - |Zgi|  gives  a limit  on  the  allowed  resistive  loss  in  the  cavity. 

We  have  solved  for  Re  Z - |Z  , I normalized  by  R as  a function  of  normalized 

ss  si 

pump  current  I /Ic  and  normalized  frequency  » huW2eRIc.  The  computed 

results  are  shown  in  Fig.  3 for  three  normalized  frequencies.  There  are 

certain  values  of  1^  at  which  both  Re  Zgg  and  |Zgi|  go  to  infinity.  Such 

divergences  occur  when  the  zero-voltage  current  is  suppressed  to  zero 

and  the  solution  4>Q(t)  changes  discontinuously  from  one  branch  to  the 
18 

other.  We  are  not  particularly  interested  in  such  unbounded  results 
since  the  presence  of  noise  will  undoubtedly  smear  out  these  singularities 


in  a real  experiment.  What  is  significant  is  that  there  exist  regions 
where  Re  Zgs  - |Zg^|  is  negative  and  finite,  indicating  the  possibility 
for  parametric  gain.  Figure  3 shows  that  such  negative  resistance  regions 
become  less  negative  as  increases.  In  fact.  Re  Z - | Z | is  never 

p SS  SI 

negative  if  > 0.3.  Such  a degradation  of  the  parametric  process  was 
expected  since  the  Josephson  element  is  more  severely  shorted  by  R at 
larger  normalized  frequencies.  For  < 0.1,  on  the  other  hand,  the 

negative  resistance  persists  for  many  periods.  It  would  be  difficult  to 
use  in  practice,  since  both  Zgg  and  |Zg^|  change  so  rapidly  with  1^  that 
fluctuations  in  the  pump  current  would  prevent  stable  operation.  Another 
general  feature  revealed  by  the  calculation  is  that  there  is  no  negative 


parametric  resistance  when  1^  > 1^.  This  can  be  explained  in  terms  of 

ic 

saturation  of  the  Josephson  nonlinearity  by  the  applied  pump  power. 
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III.  EXPERIMENTAL  RESULTS 

The  experimental  arrangement  shown  in  Fig.  4 was  set  up  so  that  the 
junction  can  function  as  a conventional  reflection-type  parametric  ampli- 
fier utilizing  a microwave  circulator.  The  frequencies  of  the  pump  and 
signal  klystrons  were  set  about  10-20  MHz  apart  around  36.20  GHz.  The 
reflected  microwave  power  from  the  junction  goes  to  a commercial  resistive 
mixer  with  a third  klystron  to  supply  the  local  oscillator  (LO)  power. 

The  frequency  of  the  LO  is  usually  set  at  35.90  GHz  so  that  the  inter- 
mediate frequency  (i.f.)  for  the  signal  is  at  300  MHz.  A spectrum  analy- 
zer (1-500  MHz)  is  used  to  display  the  reflected  microwave  spectrum  on  a 
scope.  There  are  isolators  between  the  circulator  and  mixer  (total 
isolation  > 100  dB,  insertion  loss  * 2 dB)  to  prevent  the  LO  power  from 
reaching  the  junction.  We  also  have  a microwave  short  circuit  which  can 
be  switched  into  the  line  to  reflect  the  signal  before  it  enters  the  cryostat. 
This  provides  a reference  to  measure  the  net  gain  of  the  amplifier.  The 
mixer  system  has  a double  sideband  noise  temperature  of  about  1500K  in- 
cluding i.f.  amplifier  contributions. 

As  shown  in  Fig.  1,  the  junction  is  a Nb-Nb  point  contact  with  one 
side  insulated  from  the  waveguide  in  order  for  us  to  monitor  the  dc  I-V 
curve.  The  helium  bath  is  usually  pumped  to  1.4K  to  reduce  ambient 
temperature  Johnson  noise  and  to  obtain  a large  RI^  product  (small  . 

Care  was  exercised  to  minimize  the  external  noise  reaching  the  junction. 


The  bias  leads  passed  through  broad  band  rf  filters  whose  adequacy  was 
verified  by  measurements  of  the  step  rounding  on  the  I-V  curves  with  a 
cooled  attenuator  in  the  waveguide.  The  resonant  coupling  limited  the 
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frequency  band  over  which  the  junction  was  efficiently  coupled  to  room 
temperature  radiation  to  50  MHz  at  36  GHz. 

After  a junction  has  been  obtained,  we  apply  a small  amount  of  pump 
power  and  adjust  the  plunger  for  minimum  zero-voltage  current.  This 
indicates  a maximum  rf  current  flow  in  the  junction  and  a cavity  reso- 
nance close  to  the  pump  frequency.  Then  the  junction  bias  current  is 
switched  off  and  the  pump  power  increased  until  the  critical  current  is 
almost  zero.  This  usually  takes  place  for  a pump  level  of  the  order  of 
10” 7 W.  Under  these  conditions,  parametric  oscillations  were  observed 
with  the  spectrum  analyzer  for  most  of  our  junctions.  Depending  on  very 
fine  adjustments  of  the  plunger  position  and  pump  power,  the  spectrum  of 
parametric  excitations  from  the  same  junction  takes  various  shapes  as 
shown  in  Fig.  5.  One  general  feature  of  these  spectra  is  that  they  are 
always  symmetric  with  respect  to  the  pump  frequency.  This  provides  evi- 
dence for  a four-wave  parametric  interaction  with  the  frequency  relation- 
ship 2 Up  = + o)^.  We  also  observed  that  the  reflected  pump  power  drops 

suddenly  when  the  oscillations  appear.  This  is  shown  in  Fig.  6 for  three 
different  junctions.  Oscillations  appear  at  the  discontinuity  in  the 
slope  of  the  curve. 

Although  the  onset  of  parametric  oscillations  suggests  that  the 
negative  resistance  of  the  junction  exceeds  the  cavity  loss,  not  all  the 
junctions  that  oscillate  show  net  gain  for  a small  signal  applied  within 
the  frequency  range  of  the  oscillations.  This  implies  that  the  onset  of 
an  instability  prevents  the  negative  resistance  of  those  junctions  from 
being  continuously  adjustable  by  the  plunger  and  pump  power.  Once  in  the 
oscillating  regime,  the  small  signal  assumption  is  no  longer  valid  and  no 


ft 
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amplification  car.  be  observed.  For  some  junctions  such  as  the  one  shown 
in  Fig.  7 however,  we  observe  both  parametric  amplification  with  a net 
gain  > 10  dB  and  a rise  in  the  noise  background.  In  Fig.  8 we  show  the 
spectrum  of  the  microwave  power  reflected  from  the  shorting  switch  (a) 
and  from  the  junction  (b).  In  the  latter  case  the  reflected  pump  power 
has  decreased,  the  signal  is  amplified  by  11  dB,  and  an  idler  of  compa- 
rable strength  has  appeared  on  the  other  side  of  the  pump.  The  gain  was 
found  to  be  linear  for  an  input  signal  as  large  as  35  dB  below  the  pump 
level.  As  the  signal  frequency  is  varied,  the  gain  profile  seems  to 
correlate  with  the  shape  of  the  amplified  noise  as  would  be  expected, 
since  both  depend  on  the  frequency  dependence  of  the  parametric  gain. 

The  bandwidth  of  both  effects  is  limited  by  the  resonant  circuit  to 
approximately  50  MHz. 

The  long  term  stability  of  the  parametric  amplifier  was  limited  by 
the  sensitivity  of  the  gain  to  the  pump  amplitude  shown  in  Fig.  3 and 
the  relatively  poor  stability  of  the  pump  source  (and/or  the  junction). 
This  instability  prevented  us  from  measuring  the  noise  by  alternately 
observing  matched  loads  at  different  temperatures. 

An  estimate  of  the  junction  noise  temperature  was  made  from  the 
amount  of  noise  background  in  Fig.  8.  The  system  noise  analysis  is 
made  as  follows:  With  the  shorting  switch  closed,  the  double  sideband 

system  noise  output  at  any  frequency  within  the  mixer  bandwidth  of  ^ 2 GHz 
is  proportional  to 

T!  ■ 2 TR  + 2 TA  , (8) 

where  T is  the  single  sideband  mixer  noise  temperature  referred  to  a 
R 
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ature  the  receiver  sees.  Using  matched  loads  at  room  and  liquid  nitrogen 
temperatures  to  replace  the  signal  source,  we  measured  T * 3500  K + 200  K. 
With  the  switch  open,  the  junction  sees  a noise  temperature  Te^  * 
aTA  + (1  - a)  at  both  the  signal  and  the  idler  frequencies.  Here  a 
is  the  one-way  power  attenuation  factor  of  the  copper-plated  stainless 
steel  waveguide  between  the  junction  and  the  switch,  and  Tflv  is  its 
average  temperature.  If  we  assume  that  the  junction  amplifies  with  single 
sideband  gain  G and  noise  temperature  T„,  the  total  noise  output  of  the 
mixer  at  the  signal  frequency  is  proportional  to 

T.  1 2 T + 2(1  - a)  T + a G(T„  + 2 T „)  + a T (9) 

2 R av  N eff  eff 

There  is  a factor  of  2 in  front  of  aG  T ,,  since  the  junction  amplifies 

err 

the  noise  at  both  the  signal  and  the  idler  frequency,  and  converts  it  to 
the  signal  frequency.  The  last  term  in  Eq.  (9)  represents  the  other 
sideband  of  the  LO  received  by  the  mixer  which  is  assumed  to  be  totally 
reflected  from  the  junction.  In  a separate  measurement,  we  obtained 
a * 0.74  and  T * 123  K,  so  that  T ,,  - 254  K®.  From  Fig.  8 we  estimate 
the  ratio  T2^Ti  ^etween  the  two  noise  levels  underneath  the  signal  to  be 
3 dB,  and  the  gain  at  the  junction  to  be  G = net  gain  (11  dB)/a2  = 13.6  dB. 
From  these  numbers,  and  the  ratio  of  Eqs.  (9)  to  (8),  we  find  that  the 
amplifier  noise  temperature  TN  is  consistent  with  zero.  Perhaps  the 
most  significant  uncertainty  in  our  estimate  of  T^  arises  from  a standing 
wave  pattern  (USWR  'v  1.5)  in  the  long  stainless  steel  waveguide  between 
the  shorting  switch  and  the  junction.  It  limits  the  accuracy  of  a and 
T^^  to  + 10  percent.  Because  of  this  effect,  and  because  of  the  possibi- 
lity of  saturation,  we  can  only  place  an  upper  limit  of  about  50  K on  the 
noise  temperature  T^  of  the  parametric  amplifier. 
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IV.  DISCUSSION  AND  CONCLUSION 

In  this  work  we  have  demonstrated  four-wave  parametric  oscillation 
and  external  gain  at  36  GHz  in  an  unbiased  point  contact  Junction.  This 
result  helps  to  support  the  idea  that  previous  observations  of  ampli- 
fication from  an  unbiased  thin  superconducting  film  resulted  from 
21  22 

Josephson  effects.  * Qualitative  agreement  has  been  obtained  between 
theory  and  experiment  in  that  the  oscillation  or  gain  occurs  when 
Qp  0.1  and  the  zero-voltage  current  is  suppressed  nearly  to  zero.  No 
parametric  effect,  except  for  the  appearance  of  a small  idler,  was  detected 
for  pump  power  beyond  the  first  zero  of  the  zeroth  step.  Amplification  was 
only  observed  below  the  first  zero,  in  the  range  in  which  the  simple  non- 
linear inductance  model  is  valid.  This  is  an  apparent  disagreement  with 
the  results  in  Fig.  3 which  show  significant  negative  resistance  for 
pump  current  beyond  the  first  zero  of  the  zeroth  step. 

The  variability  of  our  gain  observations  on  junctions  with  essentially 
similar  I-V  characteristics  is  difficult  to  understand  quantitatively. 
Certain  junctions,  which  are  saturated  by  amplified  internal  (or  external) 
noise  show  little  or  no  gain  for  a small  external  signal,  and  show  a high 
value  of  T^.  Other  junctions  behave  as  nearly  ideal  parametric  amplifiers 
as  discussed  above.  We  can  speculate  that  accidental  (parasitic)  reso- 
nances at  frequencies  close  to  multiples  of  could  be  sensitive  to  the 
point  geometry.  These  could  Invalidate  the  assumptions  of  our  model  and 
contribute  to  the  variability  of  the  saturation  effects. 

It  would  be  very  desirable  to  make  a theoretical  study  of  the  effects 
of  noise  on  both  the  singly  degenerate  and  the  doubly  degenerate  amplifier. 
This  could  be  done  to  a first  approximation  by  adding  Johnson  noise  In  the 
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shunt  resistance  to  the  equivalent  circuit  in  Fig.  2.  Such  calculations 
would  allow  a test  of  our  speculations  about  the  reasons  for  the  absence 
of  gain  in  the  singly  degenerate  amplifier.  They  would  also  allow  a de- 
tailed investigation  of  the  noise  saturation  effect  which  is  the  most 
important  barrier  to  serious  device  application  of  the  point  contact 
parametric  amplifier. 

We  were  prevented  from  Including  noise  in  our  digital  calculations 
by  limitations  in  the  available  computer  time.  The  most  promising  way 
to  carry  out  such  calculations  appears  to  be  with  an  improved  analog 
simulator  which  could  produce  quantitatively  accurate  results  when 
biased  at  zero  voltage. 

Chiao  et  al. ^ have  obtained  performance  similar  to  that  reported 
here,  but  in  a much  wider  bandwidth.  This  is  due  to  their  use  of  a 
series  array  of  junctions.  Since  it  may  be  some  time  before  series 
arrays  are  available  with  as  large  values  of  the  product  I^R  as  are 
now  available  from  single  point  contacts,  we  may  speculate  that  their 
wide  bandwidth  is  obtained  only  with  some  sacrifice  in  the  maximum 
operating  frequency. 
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FIGURE  CAPTIONS 


Fig.  1.  The  Nb  junction  mounted  in  the  microwave  cavity.  The  stub  at 

3A  / 4 in  front  of  the  junction  was  present  at  room  temperature.  In 

g 

some  experiments,  the  stub  was  taken  out  so  that  the  cavity  was  formed 
between  the  plunger  and  the  junction  itself.  A circular  choke  groove 
was  cut  in  the  Nb  flange  to  minimize  microwave  leakage. 

Fig.  2.  Equivalent  circuit  of  the  microwave  cavity.  Here  the  3A  /4 

R 

impedance  transformation  has  been  performed.  The  inductor  in  series 
with  the  junction  represents  the  Nb  wires.  It  has  a reactance  between 
SO  and  100ft  at  36  GHz.  The  resistance  comes  from  losses  in  the 
cavity  other  than  the  junction.  It  was  estimated  to  be  less  than  1ft 
from  a cavity  Q measurement  with  the  junction  shorted. 

Fig.  3.  Calculated  curves  of  small  signal  parametric  resistance  versus 
pump  current.  Parametric  amplification  can  take  place  if  the  value 
is  more  negative  than  the  cavity  resistive  loss. 

Fig.  4.  Block  diagrati  showing  the  experimental  arrangement.  Arrows 
indicate  power  flow.  Pump  and  LO  attenuators  are  not  shown. 

Fig.  5.  Different  spectra  of  parametric  excitations  obtained  from  the 
same  junction  without  applied  signal.  The  unresolved  line  (resolu- 
tion 1 MHz)  at  theaenter  is  the  reflected  pump. 

Fig.  6.  Reflected  pump  power  versus  incident  power  for  three  junctions 
The  data  have  been  normalized  to  superimpose  the  linear  regions  at 
low  power.  Junctions  with  smaller  R appear  to  show  a steeper  nega- 
tive slope  after  the  break. 


Fig.  7.  Static  I-V  curves  of  a junction  which  shows  net  gain.  Picture 


(a)  was  taken  without  pump  applied.  The  junction  is  slightly 


hysteretic.  Picture  (b)  was  taken  when  the  zero-voltage  current 


is  suppressed  by  the  pump  to  almost  zero  and  small  signal  para 


metric  gain  is  observed 


Fig.  8.  (a)  Spectrum  of  the  microwave  input  to  the  junction.  The  small 


signal  is  to  the  right  of  the  applied  pump 


(b)  Spectrum  of  the  microwave  power  reflected  by  the  junction 


The  pump  level  is  the  same  in  these  two  pictures.  The  spectrum 


analyzer  resolution  is  1 MHz 
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